Activating mutations in FLT3 (Fms-like tyrosine kinase 3) by internal tandem duplication (ITD) mutations are found in approximately 30% of patients with acute myeloid leukemia (AML) and are associated with poor outcome in this patient population. Numerous FLT3 inhibitors have been tested for the treatment of AML, but these inhibitors have shown variable responses that were attributed to heterogeneity in AML and mechanistic differences associated with inhibitory mechanism employed by these inhibitors.^[@bib1]^ Nevertheless, many patients showed a reduction in blast counts and hematological improvements, but these remissions were not durable that questioned the validity of FLT3 as a therapeutic target in AML. To address this, an elegant translational study designed by Neil Shah\'s group has identified the AC220 resistant mutations in all FLT3-ITD relapsed patients that definitively demonstrated the validity of FLT3-ITD as a therapeutic target in human AML.^[@bib2]^ Furthermore, the emergence of resistant mutations has been reported from the relapsed AML patients with FLT3-ITD treated with PKC412^[@bib3]^ and sorafenib.^[@bib4]^ In addition, an *in vitro* resistant screening identified mutation at gatekeeper residue conferred cross-resistance to all known FLT3 inhibitors.^[@bib5]^ These observations suggest that secondary mutations conferring resistance in the kinase domain will pose a significant clinical challenge, which prompted us to identify new inhibitors against the FLT3 resistant variants.

SAR302503 is a rationally designed small-molecule ATP-competitive inhibitor of JAK2, and it had been shown to have a high degree of kinase selectivity for JAK2 and FLT3 in *in vitro* kinase assays.^[@bib6],\ [@bib7]^ Given its equal potency toward FLT3 prompted us to test its efficacy against FLT3-ITD variants resistant to AC220. SAR302503 inhibited proliferation of BAF3 cells expressing FLT3 wild type and FLT3-ITD, with IC~50~ values of 119 and 330 n[M,]{.smallcaps} respectively ([Figure 1a](#fig1){ref-type="fig"}), whereas parental BAF3 cells and BAF3-JAK2-V617F cells were inhibited at IC~50~ values of ∼1100 and 600 n[M]{.smallcaps}, respectively ([Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}). In accordance to this, western blotting of phospho-STAT5 and phospho-FLT3 showed reduced phosphorylation at concentrations that parallel the concentrations required to inhibit cell proliferation ([Figure 1c](#fig1){ref-type="fig"}). These observations suggest that SAR302503 is more selective to FLT3-WT\>FLT3-ITD\>JAK2-V617F, and it can be exploited for therapeutic targeting of FLT3-ITD in AML ([Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}). Next, we analyzed the activity of SAR302503 against five different kinase domain variants of FLT3-ITD that had been shown to confer resistance against AC220. The growth of BAF3 cells expressing resistant variants of FLT3-ITD was inhibited completely within the range of 800 n[M]{.smallcaps} ([Figure 1a](#fig1){ref-type="fig"}). Interestingly, two FLT3-ITD variants (D839G and Y842H) were found to be hypersensitive to the drug ([Figures 1a and b](#fig1){ref-type="fig"}) while mutations at gatekeeper residue F691L and D835F/Y showed only twofold resistance to the drug ([Figure 1b](#fig1){ref-type="fig"}). Next, we performed *in vitro* resistant screening as described previously,^[@bib8]^ to identify patterns of drug resistance using cells expressing FLT3-ITD, FLT3-ITD-F691L and FLT3-ITD-D835Y at 3 μ[M]{.smallcaps} (*C*~max~ value in human^[@bib6],\ [@bib9]^) of SAR302503. Surprisingly, we could not see the emergence of resistant clones against SAR302503 at this concentration ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}). To rule out any off-target effect, we performed screening of BAF3 cells expressing Tel-JAK3 (having a cellular IC~50~ value of 2300 nm) at 2000 and 3000 nm of SAR302503, which showed growth of innumerable colonies ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}). These observations suggest that the SAR302503 is a potent inhibitor of FLT3-ITD and is very effective against AC220 resistant variants and prevents the emergence of resistant clones.

To understand the structural basis of SAR302503-mediated inhibition of FLT3 kinase, we constructed a model of the SAR302503-FLT3 kinase structure using a combination of homology modeling and induced-fit docking.^[@bib10]^ We used the crystal structure of FLT3 crystallized in an inactive conformation and with related inhibitor−kinase complexes: for example, ABL complexed with nilotinib in closed and inactive conformation (PDB:3CS9); Ppy-A bound to the active conformation of ABL-T315I (PDB:2Z60); and JAK2 bound to isoquinoline in active conformation (PDB:2B7A). Our *in silico* analysis predicts that SAR302503 binds to an open and enzymatically active conformation of FLT3, in which residue Phe 830 of the DFG motif is displaced to accommodate the benzensulfonamide ring of the inhibitor ([Figure 2](#fig2){ref-type="fig"}). In this model, the pyrimidine ring of SAR302503 makes hydrophobic contacts with Leu 616 and Leu 818. Similar to other ATP-competitive inhibitors, SAR302503 anchors to the ATP site by two hydrogen bonds with residues Cys 694 from the kinase hinge region and Asn 816 from the catalytic loop ([Figures 2a and b](#fig2){ref-type="fig"}). Our model suggests that the enhanced sensitivity of SAR302503 for the variants D839G and Y842H is due to the destabilization of the inactive conformation by these mutations that in effect would stabilize the open and active conformation to which the drug preferentially binds, thus conferring hypersensitive response ([Figures 2d and e](#fig2){ref-type="fig"}). Given the lack of direct interaction of SAR302503 with resistant variants F691L and D835F/Y, our model suggests that these mutations would destabilize the open and active conformation rather than inactivating the kinase, therefore having sufficient catalytic activity to support cellular transformation. In support of this model, a substitution of Leucine for Phe 691 will weaken the hydrophobic spine that in effect will destabilize the active conformation and may weaken the kinase.^[@bib11]^ However, substitution of Asp 835 with phenylalanine will destabilize the activation loop from both active and inactive conformation suggesting that it is stabilizing an intermediate conformational state.^[@bib12]^ In inactive conformation, Asp 835 interacts with Ser 838 to stabilize the activation loop while it interacts with Gln 667 to stabilize the activation loop in open and active state, a similar interaction has been observed for the stabilization of ABL kinase in active conformation. In support, western blotting of FLT-3 autophosphorylation of these mutants, F691L and D835F/Y, from the untreated total cell extracts showed reduced autophosphorylation of FLT3 in comparison with FLT3-ITD ([Figure 1c](#fig1){ref-type="fig"}), thus supporting the notion that these mutations confer resistance by destabilizing the active state rather than direct steric hindrance to the drug.

A recent study has shown the efficacy of Ponatinib on AC220 resistant mutations in F691L/I variant. However, it is ineffective against compound mutations and variants from the activation loop (D835F/Y), suggesting that these variants will become significant clinical challenge.^[@bib13]^ Our study demonstrates that the SAR302503 is potently active against these resistant variants and prevents the emergence of resistant clones at *C*~max~ (3 μ[M]{.smallcaps}) of SAR302503.^[@bib6],\ [@bib9]^ Given the preclinical success of SAR302503 as a well-tolerated oral agent for the treatment of polycythemia vera and Myelofibrosis, its selectivity against tyrosine-kinase inhibitor (TKI) resistant variants of FLT3-ITD supports the clinical evaluation of SAR302503 in TKI-treated as well as TKI naive FLT3-ITD*+* AML patients. To that end, SAR302503 may represent an effective first-line TKI therapy in AML patients. In addition, a lack of *in vitro* resistance against SAR302503 suggests that it will be more effective in managing the clinical resistance.
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![SAR302503 can efficiently inhibit the proliferation of native and AC220-resistant variants of FLT3-ITD. (**a**) Dose--response sigmoidal curve showing the cellular proliferation of BAF3 cells expressing FLT3 and its kinase domain AC220 resistant variants at different concentrations of SAR302503. IC~50~ values for each cell lines are indicated in parenthesis. (**b**) Bar graph showing relative fold difference in the IC~50~ values of FLT3 mutants normalized to native FLT3-ITD. (**c**) Immunoblot analysis showing the kinase activity of FLT3 and its kinase domain drug resistant variants against SAR302503 at different concentrations. Blots were probed using anti-phospho-FLT3, anti-phospho-STAT5, anti-FLT3 and anti-STAT5 antibody on the crude lysates from BAF3 cells expressing FLT3 and its drug resistant variants. Please note the reduced autophosphorylation in variants ITD-D835F/Y, ITD-F691L and ITD-D839G, whereas ITD-D842H showing increased autophosphorylation in untreated samples as compared with native FLT3-ITD.](bcj201340f1){#fig1}

![SAR302503 binds to ATP site, an active conformation of the FLT3 kinase. (**a**) Ribbon depiction of a structural model of FLT3-SAR302503 using the coordinates of the inactive FLT3 kinase (PDB:3CS9), ABL (PDB:2Z60) and JAK2 (PDB:2B7A). Activation loop is shown as green and extended conformation during active state. (**b**) A close-up view of the active site of the FLT3 kinase showing the interaction of SAR302503 by hydrogen bonding with Cys 694 and Asn 816. Further, SAR302503 can bind only in DFG-in conformational state (residues shown in green sticks), in which phenylalanine of the DFG motif is aligned in such a way that it coordinates with hydrophobic spine residues to stabilize the active state, a common feature in all kinases suggesting that SAR302503 can only bind to active state and thus can be classified as a type I inhibitor. (**c**) Active site showing the steric clash of the benzene sulfonamide group of SAR302503 with Phe 830 in DGF-out conformation (F830 from the DFG motif shown in surface). (**d**) Structure of autoinhibited FLT3 shown in ribbon with modeled activation loops in active conformation (shown in green) and in inactive conformation (shown in red). The juxtamembrane domain (orange) nearly spans the length of the kinase molecule and seemingly displaces the activation loop from the active state to favor inactive conformation. Amino-acid residues that were mutated to confer drug resistance are shown as sticks. (**e**) Conformation of activation loops in active (green) and inactive (red) states showing interaction of Y842 with D829 (DFG motif) through R834 and D839 with N934 to stabilize the inactive conformation, and thus mutation at these sites may favor or stabilize active state that will be more sensitive to inhibition by type I inhibitors. In support of this model, variant Y842H showing increased autophosphorylation in untreated sample, whereas D839G did not show significant change suggesting that it only destabilizes the inactive conformation and may be unable to stabilize the fully active conformation as we have observed in the Y842H. Nonetheless, it supports that mutant D839G stabilizes a conformation favoring efficient SAR302503 binding that reflects in hypersensitive response. The hypersensitive response of variant D839G is less than Y842H suggesting that the later is stabilizing a fully active state that binds the drug more efficiently. Nevertheless, these speculations require detail structural studies for better understanding and developing next-generation FLT3 inhibitors.](bcj201340f2){#fig2}
